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INTRODUCTION 
The success.f'ul large scale coDI!lercial. application of' high 
vacuum f'or high temperature metallurgical operations is a com-
parati vely' new development. The use of Pidgeon and the carbothermic 
processes for the production of magnesium during the war forced a 
perfection of both equipments and techniques far high vacuum opera-
t&i.ons. This opens broadly the vrq tor a great expansion of' vacuum. 
metallurgy. Vacuum operation is thus no more a laboratory method -
it is a ld.nd of' industrial practice. 
Many metallurgical operations, which cannot be carried out by 
ordinar,r processes, are made feasible when conducted in a reduced 
pressure. Typical examples are the Kroll-Bchlechten process .for 
the preparation of' lithium metal and t.he vacuum distillation of the 
reaction products from the Kroll method for producing titanium. 
Vacuum metallurgy thus gives us an entire new field f'or development. 
The ordinary- zinc sm.e1 ting process is among the most waste.:t"ul 
metallurgical operations. The fuel consumption, the cost of' repairs, 
and the loss of' zinc are very large. The physical strength of' the 
retorts limits their capacity, 'Which is another drawback. Since the 
most important zinc ore is the sulphide, this ore, bf.?.t'ore distillation 
in the retorts, must be roasted and sintered to convert it to oxide. 
During roasting, one to two per cent of the zinc in the ore. is gen-
erally lost by volatilisa.Uen, and the roasted ore still contains 
some sulphur, 'Which keeps back a corresponding amount of zinc. During 
d:1stillation, there is also loss of' metal. through evaporation, along 
wi:th &biiQl'"bt.ian by' the retorta. Aoofn'ding to Eugene Fluerrllle (l), this 
amounts to more than 10% of the zinc contained in the ore. In 
(1) Fleurville, Eugene: Electric Zinc Smelting, La Houille 
Blanche, Vol. 7, Dec. 1908, PP• 273. 
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short, the ordinary method for zinc extraction is far .from being 
a satisfactory one. Various attempts have been made from time to 
time to substitute this method with others. Direct reduction from 
the sulfide ore is the most conunon line of attack. During the early 
part of this century, much 'WOrk has been done on the elect.rometallurgy 
of zinc. Direct extraction of zinc from its sulfide is only possible 
through the electrothermic process. This process, in general, is 
carried out at a relatively high temperature and necessitates high 
electrode consumption in the case of reduction in the arc furnace. 
The present work is undertaken to determine the effectiveness 
of various agents ror the reduction of zinc sulphide in a vacuum. 
The method used w-as to heat the charge, composed of zinc sulphide 
and various reducing agents in the different series of experiments, 
in a vacuum furnace for a given time. Analyses were then made on 
the resulting residues, and sometimes on the condensates. From 
these analyses, data regarding zinc extraction can be obtained. 
Three series of experiments were made, each with a different kind 
or reducing agent. Among these, much work was dOne on the reduction 
of zinc sulphide with iron. The work has shown that iron is a f'airly 
economic and efficient reducing agent for this purpose. Although the 
pressures employed in these experiments was seldom more than nine 
microns, llbich is lower than that used industrially, the results can 
be used without much modification. 
Review of Literature 
In a recent work by Dr. Kroll (l), he indicated that 
(1) Kroll, W. J.: Rare Metal Metallurgy, Metal Industry, 
Oct. 1948, PP• 263 - 265. 
the equilibrium or the reaction 
MeO + X • XO + l!e, 
where MeO represents a metsl. oxide; 
X represents another metal, 
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tends to shift to the right with rising temperature and/or decreas-
ing pressure. This is true if lle or XO are volatile or if the tempera-
ture-free-energy curves of the reactants intersect. This points 
out clearly that the reduction or a metal from its compounds can be 
achieved by using a high temperature, a reduced pressure, or both. 
For metal ox:Ldes, much work has been done by Dr. Kroll and Dr. Schlechten 
(2) Kroll, w. J. and A. w. Schlechten: Reactions or Carbon and metal 
Oxides in a Vacuum, Journ. Electrochem. Soc., Vol. 93, No. 6, 
June, 1948, PP• 247 - 258. 
They have been able to reduce many metals from their oxides at reduced 
pressures using carbon as a reducing agent. 
An extensive review of literatUre shows that there has been little 
work done to investigate the action or reducing agents on zinc sulphide 
at a reduced pressure. Numerous works, however, have been done on 
the reduction of zinc sulphide at normal pressure. Most ot these works 
(2) 
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appeared between 1890 and 1920, in which period the perfection 
o.f electrometallurgy seemed a great incentive .for research workers. 
Brown and Oersterle(3) have mentioned the reduction o.f zinc 
(3) Brown, O. W. and W. F. Oersterle: The Electric Smelting or 
Zinc., Trans. Am. Electrochem. Soc. Vol. VIII, 1905, PP• 171-182 
sulfide with lime and carbon in an electric :furnace according to 
the equation: 
ZnS + CaO + C • Zn + CaS + CO. 
They said that the ore was readily reduced, the metallic zinc distilled 
out, and a portion condensed in an iron tube which served as condenser. 
The residue in the .furnace contained only 0.13 per cent. o.f metallic 
zinc. Nothing was mentioned about the temperature employed. The 
only in£o:nnation is that the charge was heated in an enclosed fire 
brick lined electric furnace with a current o.r fi.ft,y amperes at 
thirty volts .for two hours. 
In a paper by Gustav Gin (4), it was pointed out that the 
(4) Gin~ Gustav: The Electrometallurgy o.f Zinc., Trans. Am. 
Electroa,hem. Soc. Vol. 12, 1901, PP• 118 - 139. 
simul.taneous reaction o.f lime and carbon upon zinc sulfide has been 
proved in the laboratoey, but has not been :Ried industrially. 
According w Eugene Fleurville (.5), however,. this reaction has been 
(5) Fl.eurville, Eugenez Electric Zinc Smelting., LaHouille 
Blauche, Vol. 7, Dec. 1908, PP• 273• 
'"+J 
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used by Cote and Pierron for the conmercial product.ion of zinc 
white. In their process~ the zinc in the slag and in the calcium 
sulfide varied from 1.2 to 1.6 per cent. 
From these papers it can be said that the reaction 
CaO + ZnS + C • CaS + Zn + CO does take place at 
the heat of an electric furnace. 
The decomposition of zinc sulfide by iron is not a new pro-
position. Cote and Pierron(.6) 1 Imbert(7) ~ and Thomson and Fitzgeral.d(6) 
(6) Cote, E. F. and P. R. Pierron~ Lyon, France.~ u.s. Patent 
944~ 774., Electric furnace for the continuous Extraction of 
Zinc from its Ore. Issued Dec. 1909. 
(7) Imbert, A. H., German Patent 223~295-~ Process far treatment 
of sulfide ores by Precipitation by Means of iron. Aug. 1907. 
(6) Thomson, J. and F. A. J. Fitzgerald, u.s. Patent 9501 878., 
Furnace, Issued March~ 1910. 
are among the earliest exploi tors in th:ts field. The Cote-Pierron 
Process was tried experimental.ly in France during 1906 and 1907. The pro-
cess was based on the reaction 
Fe + ZnS • Zn + FeS. 
It is said that t.he zinc vapor yielded was not pure. The ore~ even 
when apparently dry, al."W1V"S contains tr-aces of moisture~ and its 
gangue contains more or less carbonates yielding COz when heated. 
Further, there is al~s a certain amount of air within the interstices 
of the charge when reduced to a granulated form. This air enters 
inw the turnace with the ore. Since even a smal.l amolmt of steam, 
CO. 1 and air act merget.ical.l.T on the zinc vapor set free 1 thq c &use 
toe I."Ol"'l&t.i.GD ~ 'bl.ue p41Wder. The temperature at which zinc vapor 
6 
leaves the crucible is said to be at 12oo•c to 13oo•c. The Imbert.-
Thomson-Fitzgerald .furnace has been tried in Germany. Unf'ortunately, 
no authoritative reports of their results have been made public. 
The recent work of Gross and Warrington(9) showed that, from 
(9) Gross, P. and M. Warrington: The Reduction of Zinc Sulfide by 
Iron Under Reduced Pressure., Discussions, Fara~ Soc., J~, 
1948, PP• 211 - 2l. 7. 
th~c dat.a, the react.ion between solid siDe sulfide and gamma 
iron at reduced pressure occurs belcnr 1ooo•c. The acco1Dp8.DY'ing table, 
reproduced .from their paper, shows the temperature for various pressure 
o£ zinc and the corresponding vapor pressure of zinc sulfide. 
Table I 
Calculated Vapor Pressure of Zn and ZnS at Various Temperatures 
Zinc Temp. ZnS 
Dl!lHg •c 
. 3.5=~ 1 740 
10 850 9.5xl.o-4 
100 1,000 2.0do-2 
From Table I., it can be seen that the ratio of vapor pressures of 
ZnS and Zn in contact with iron at 700• t.o 1ooo•c is qui t.e small. 
The latter part of the paper involved the determination o£ the rate 
of reaction. From the calculations made., they concluded that the 
rate of reaction at temperatures below and near 1ooo•c is fairly high. 
7 
In one o£ the papers on theoretical. meta1lurgical. data, 
K. K. Kelley(lO) concluded from the theoretical cal.culations that 
(10) Kelley-, K. K.: Contributions to the Data on Theoretical. 
Metal.lurg,y VIII The Thermodynamic Properties o£ Sulphur 
and its Inorganic Compounds., Bulletin 406, u. s. Bureau o£ 
Mines, 1937, PP• 137 - 146. 
with a reduction furnace uniformly- heated and controlled around 
1600•c, 111 th the miniJaising of al.l sources of :Cree and combined 
oxygen, and with the filtering of the gas around 12oo•c, the use 
of Fe in reducing ZnS in ores containing complex lead sulfides is 
possible. 
(ll) 
Based on the thermo~amic data as compiled by- Kelley, nlingham 
(ll) Ellingham, H. J. T.: Reducibility of Ox:ides and Sulphides in 
Metal.lurgical Processes., Trans. and CCllllllllUDications, Journ. 
Soc. of Cham. Ind., JlaiY 19W.., PP• 125 - 133• 
has compiled a set of free-energy curves .tor oxides and sulfides. 
The curves for FeS, ZnS, CuS, and C\JaS at a pressure of one one 
hundred thousandth atm., which is equivalent to 7.6 microns, are 
reproduced and corrected for pressure as shown in Figure 14. From 
this diagram it can be clearly- seen that the reduction of ZnS by 
iron or copper begins at a minimum temperature of aoo•c. This 
checks fairly well with Gross and Warrington's f:l.nding. 






EXPJSBD4ENTAL EQUIPMENT ~ PROCEDURE 
I. ~ 2!: Apparatus 
The general arrangement of. apparatus used in these experiuents 
can be seen from Fig. 1. Fig. la shOW'S the schematic drawing of 
the arrangement.. The .following list is numbered according to that 
shown in Fig. 1 and Fig. la: 
1. Safety Sw:i. tch, Westinghouse Electric Co. 
30 amperes, 2$0 volts DC. 
2. Outlet Box w.t th four sockets, used for 
di.ffusion pump heating, Tork clock 
motor dr1 ving and Pirani Guage current 
supply. 
3. llotor, AC, General Elect.ric Co. 110/220 v., 
S/25 amp., 60 cycles, 1/3 hp., 1725 rpm. 
40 C temperature rising, continuous t.i.me 
rating. 
4. Vacuum Pump, W.:M. Welch, Duoseal No.367 
330 rpm., 
best. vacuum attainable - 0.000,02 Dill Hg. 
5. :Metal D:l.ff'usion Pump, Dist.illatian Products Inc. 
Type KC-27SaL, 
Oil used, Butyl Phthalate 200 grams (193 cc.) 
Fore pressure, 10 Dill Hg., 
Heater pmrer, 250/450 watts., 
Heater voltage, 90/120 v., 
Heater current, 2. 75/3.15 a. 
Speed, 27S liters per se2ond., 
U1timate Vacuum, 5 x l<rO Dill Hg at 25 c. 
6. Water Cooled Ba££le, Distillation Prod. Inc. 
Type WB 8. 
7. Vacu'Ulll Valve. 
8. Stop Cock Vacuum Release. 
9. Pirani Tubes. 
No. l- for aeasuring vacuua above the valve (7). 
lfo. 2 -for •&hriD& T&Cllla belcnr the valve (7). 
~o. Cap, £or furnace with g~ass window for ob-
servation. 
11. Furnace, Porcelain Tube. 
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12. Heating Element, Resistance type with Sm1 th 
No. 10 alloy wire element encased in magnesia 
cement and surrounded by crushed silica brick. 
Steel casting 11 in. in diameter by ~8 in. in 
height. 
13. Coo~ing Coi~s, Copper tubing. Used for: 
1) diffusion pump., 
2) dif'.tusion pump baff'le and 
3) :f.'urnace joint. 
14. Thermocoup~e, Pt - Pt. Rd leads, Connected t.o 
Capacitrol. 
15. Tork Clock, Tork Clock Co. 
Self starting, Single Po~e., 
2200 watts, 115 volts, 60 cycles. 
(20 amp. at 115 volts AC or 10 amp. at 250 vo~ts AC) 
~6. Safety Switch, Westinghouse Electric Co. 
Type: Single or Po~y phase 
Power: 2 hp. 
Capacity: 30 amps., 
250 vo~ts DC., 
230 volts A.C. 
17. De - ion Line Starter, Westinghouse Electric Co. 
Mechanical St,yle, Single or poly-phase. 
l to 5 hp., 110 to 600 volts. 
18. Automatic Temperature Control, Capaci t.rol. 
Wbeelco Instruments Co. Model 224 
30/45 amp., 50/60 cycles, 110/250 volts, 
50 watts, 0 to 1600 c. 
19. Pirani Gauge, Distillation Prod. Inc. 
Type PG - U, 5 watts, 
115 volts AC, 3 volts DC bridge voltage. 
Pressure Range: 
Upper Scale - 0 to 20 microns Hg 
Lower Scale - 0 to o. 75 mmHg 
20. Variable Transf'Ol"m8r, Powerstat. Superior Electric Co. 
1·5 KVA. 
11$/230 v., 28.0 •• 
50/60 qc~ea. 
12 
II. Electric Resistance Furnace. 
The furnace used in this experiment was patterned on the 
one described by Dr. Kroll and Dr. Schlechten in their work on 
carbon and oxides in a. vacuum(l2). 
(12) Kroll, w. J. and A. W. Schlechten: Reactions of Carbon 
and Metals Oxides in a Vacuum., Journ. Electrochem. Soc., 
Vol. 93, No. 6, June, 1948., PP• 247 - 258. 
It consists of a porcelain tube 40 inches long with an inner 
diameter o:t 2 1/8 inches. The tube was supported vertically 
with the closed end on top; a meta:l head was fastened by a wax 
seal to the lower end of the tube. This metal. head is cooled 
with circulating water to keep the wax !"rom melting. Vacuum 
connections were made through the metal head, which had also 
a coni.caJ. ground joint that is vacuum tight and could be opened 
for the introduction of samples into the tube. As can be seen 
from Fig. 2, only the top 12-inch section of the 'tiube was heated. 
The heating element was made of Smith No. 10 alloy wire wounded on an 
alundum core embedded in magnesia cement and surrounded by crushed 
silica brick • 
.A.s shown in Fig. 3, the stainless tubing is composed of 
three sections. The top section is closed so as 'tio confine tbe 
vapor and cause it to condense in the tube. The right hand 
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III. Temperature Measurement !!!!! Control 
The temperature was measured at the outside wall o:.r the 
porcelain tube and controlled by means o:r a platinum platinum-
rhodium t.herm.ocouple attached to a indicating pyrometer controller. 
The temperature control was o:r the proportional reset type. 
The potentiometer actuates a 35 amp. mercury switch, which in 
turn makes and breaks the circuit ot the De-ion line starter. 
Since the controller makes use ot the change in . .frequency to 
energize the solenoid coil to open or close the rel~ contact, 
no mechanical contact is involved, the control is qld.et and 
accurate. 
IV • Pressure Measurement ~ Control 
There are different ld.nds of gauges used to measure vacuum, 
tbe Pirani Gauge is the one plpul.arl.y: used. It is based on the 
physical. principle that the thermal. conductivity ot a gas is 
proportional. to its pressure. The conductivity is indirectly 
measured by ascertaining the Change in resistance ot a hot fila-
ment in the vacuum with pressure. As the pressure around the 
filament changes, so the speed at which heat is conducted awq from 
the filament changes, this effect in turn changes the :f'ilament 
temperature and hence its resistance. Tba resistance change is 
recorded by a Wheatstone bridge 'arrangement, as shown in Fig. 4. 
The :f'ila.ment is mounted in a bulb fitted with a connecting tube 
and is balanced with an identical compensa:ting · 1'iluumt mounted 
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Fig. 4 :>IHANI GAUG~ 
A. Wiring Diagram 
Standard ~ Measuring Tube 
~' 6 volts 
l:iesistance Boxes~ 
B. Pressure Indicator 
Pressure ~ 0 D.C. voltmeter meter MM OF'F' twt_u: .• n-off SW tch 






in a bulb f'i t ted with a connecting t.ube and is balanced with an 
identical compensating filament mounted in an adjacent arm o£ the 
bridge. This auxiliary bul.b is evacuated and sealed o££ at a 
very low pressure. This serves to make the gauge insensitive to 
variations in room temperature. The :f'ilam.ent is heated at a con-
stant temperature by keeping the voltage constant, say at three 
volts. I£ the bridge is balanced at this temperature of the fila-
ment, a change o£ its temperature caused b;r a change in the heat 
conductivity o£ the residual gases will unbalance it. Thus the 
de:f'lection of the bridge galvanometer indicates the pressure of 
the residual gases. There are two gauges connected in this s,ystem. 
The one located below the vacuum valve and above the ba:f'fie was 
used to measure the pressure at the di.f:f'usion pump, the other 
located above the vacuum valve was used to measure the pressure in 
the .furnace. 
In this set o.f apparatus, there is no way to control the lower 
limit o£ pressure; .for the upper limit o.f pressure, however, there 
is a crude way o£ control. '!his is done by regulating the vacuum 
valve opening until the equilibrium pressure is the one desired. 
V • .Q!1 Di:f'f'usion ~ 
Basically the oil d1££usion pump consists o.f a boiler to 
evaporate the oil, a chimney leads the vapor to the jetJ the air 
particles are trapped by oil vapor and pulled toward the exhaust 
where the £ore pump continues the exhaust process w1. th the air 
that. is .treed as the oil is cooled by cooling water and reliquified. 
19 
Fig. 5 Diffusion pump 
~teel plates ( baffle ) 
Baffle 
Water cooling coi1 








with heating coi1 
inside 
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Since oil has a low latent heat, the boiler on the bottom is 
heated constantly t.o maintain the working temperature. The 
pump used in this system is o:r a two-stage arrangement put in 
series as shown in Figure 5. It should be noted that the pump 
will operate only if the backing pressure is below 100 microns 
Hg. For better results, a backing pressure of 50 microns should 
be used. This vacuum is obt.ained by the fore pump. Water 
cooled baffles .are used to prevent backward evaporation of oil 
into the pumping line causing oil loss and contaminating the 
vacuum in the furnace. 
VI. Procedure 
The raw materials used in the experiments are given in 
Appendix I. The zinc sulfide samples were intimately mixed 
with proper reducing agents in the stoichimetric amounts based 
on the· :following equations: 
1) ZnS + CaO + C • Zn + CaS + CO., 
2) ZnS + Fe • Zn +FeB., 
3) ZnS + 2 Fe • Zn + Fe + FeS., 
4) ZnS + 3 Fe • Zn+ 2 Fe + FeS., 
5) ZnS + Cu • 1/2 Zn + 1/2 c~s + 1/2 ZnS and 
6) ZnS + 2 Cu • Zn + ClJ:aS• 
The mixtures to be heated were first briquet ted either with a 
hand press or a mechanical press. In the CaO + C + ZnS charges, 
the briquet making process was made feasible by adding small 
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amount o£ co~~odion. Since the evaporization o£ collodion when 
the samp~e was heated caused a bad contamination o£ vacuum., it 
was generally preheated at 2oo•c in a small f'urnace :tor one hour 
bef'ore being charged into the vacuum f'urnace. 
After the briquette was ready, it was care.tul.l.y weighed and 
charged in a crucible. The charge was then pushed up into the 
f"urnace and held there by either a stainl.ess steel tube or a 
porce~ain tube. The steel cap was then put into place and sealed 
with high vacuum silicone grease. In the meantime, the f'ore pump 
was on and the vacuum valve closed so t.hat the part of' the system 
below the valve would not be contaminated by outside air. After 
checking the position of' tlle stop cock release, the vacuum valve 
was opened and tlle .turnace evacuated. The temperature of' the f'ur-
naoe was raised slowly and vacuum readings were taken periodically. 
When the predetermined temperature f'or the particular run was 
reached, the charge was held there :tor a certain period of' time 
bef'ore shutting of'f' the furnace. 
In the experiments f'or studying the reaction of' CaO, C and 
ZnS 1 since there was some gas evolut.ion expected; most o:r the runs 
w.1 th this charge were heated in tlle :following manner: 
At any temperature at which the pressure was not stable or 
tended to increase 1 the f'urnace was held there lm.til the pressure 
went down to equilibrium. The heating was then resumed until the 
next increase in pressure occurred. 
In all the experiments, the .turnace was air coo1ed and the 
vacuum of t.be system was maintained unti1 the temperature was 
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be1ow 4oo•c. This took a 1ong time, hence the charges were usual.l.y 
he1d in the .turnace overnight. In discharging, the vacuum valve 
was c1osed and the vacuum re1ease cock opened. The metal. cap can 
then be taken off and the crucib1e removed. The samp1e was then 
weighed and anal.yzed, and the condensates were scraped off the 
supporting tube and examined. The resu1ts of the runs made are 
tabUlated and discussed in the fo11owing sections. 
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Results and Discussions 
The experimental results and their discussions will be treated 
in three sections, namely, investigation of the action of CaO and 
C on Zns; studies on the zinc extraction by iron precipitation 
and results of copper reduction. 
I. Investigation of the act.i.on of 
CaO and C on ZnS 







were carried out with maximum temperatures of 700°' aoo•, 900°' 
1000•, 1100•, and 12oo•c. The charges in an alundum crucible 
were supported in the furnace either with a stainless steel tube 
or a porcelain tube. The run at 700•c showed little weight loss, 
as can be seen .from Table II. In a rw1 at 8oo•c made inside the 
stainless steel tube, metallic zinc in sheet form was obtained as 
condensate. There are two possibilities accounting for this zinc 
obtained, i.e., zinc produced due to the reaction 
CaO + ZnS + C • CaS + Zn + CO 
or that due to the reaction o:r ZnS vapor With the stainless steel 
tubing in the .turnace. To investigate in 'Vilich manner is the zinc 
produced, the residue was analyzed for zinc and sulfur con tent. I£ 
the rcoval o:r Zn and S is proportional to the Zn and S content in 
ZnS, the second eX:planation will be justifiable; if not, there must 
have been some reaction between CaO and ZnS, preeuma.bly according 
to 'the equt.ion given above. 
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The theoretical. composition o:r the charge is as :follows: 
ZnS 
97-44 
c + CaO + 
56.08 12.01 - 165.5.3 















5 : Zn • 19.t$ 
.39. 
- .39.49 % 
- 24.21 % 
- 9.68 % 
100.00% 
- 0.491 
Re:ferring to Table II 1 the resul. t o:r chemical anal.yses shows 
that the rat.i.o S : Zn :ror the runs considered (run No. 1 and 2) 
is nearly 0.49. This seems to :favor the first viewpoint. To 
veri:fy this, two more runs using respectively Joplin concentrate 
and c.p. ZnS were made at aoo•c without the stainless steeJ.. tuba. 
(Runs No. 6 and 7.) No sheet zinc was obtained in either case, 
this supports the conclusion that the CaO plus C mixture was not 
reducing the ZnS. 
Run No • .3 was made primarily to see the temperature at which 
the react.ion starts as indicated by' evolution o:r gas. The pressure 
Table II. Analyses of Zn and S Con tent of 
Residues trom CaO + ZnS + C Rune 
at below 900•c 
Run No. 1 ••• Jop~in Cone.~ C.P. CaO and lamp black. 
1oo•c Charge Support - Stainless steel tube. 
Time at Max. Temp. - 5 hr. 00 min. 
Wt %S Wt S %Zn Wt Zn 
Charge 34-711 g 19.37 6.74 g 39.45 13.71 g 
Residue 34.572 g 19.3 6.67 g 39.52 ~3.65 g 
Ratio SaZn 6.61/~3.65 • 0.488. 
Run No. 2 ••• Jop~in Cone.~ C.P. CaO and Lamp B~ck. 
80Q•c Charge Support - Stain~ess Steel tube. 
Time at Max. temp. - 4 hr. 50 min. 
Wt %S Wt S %Zn 
Charge 
Residue 29.124 g 16.31 4.76 g 34.5 
Ratio SaZn 4.76/10.~ • 0.474 
Run No. 6. •• C.P. ZnSJ C.P. CaO and Lamp Black. 




Charge Support - Porcelain Tube. 
Time at Max. Temp. - 1 hr. 05 min. 
Wt % s Wt S %Zn 
15.182 g 19.37 2.94 g 39.45 
12.030 g 13.82 1.665 g 39.4 







Run No. 7 ... Jopl.in Cone., C.P. CaO and Lamp Black. 8oo•c Sample preheated at 2oo•c 
Charge support - Porcelain Tube. 
Time at Max. Taap. - 1 hr. 30 min. 
Wt % 8 'Wt 8 % Zn Wt Zn 
Charge 20.7b8 g 19.37 4.02 g 39.45 8.19 g 
17.)0q 8 14.38 2.49 g 36.7 
2.)ag/6.36 • 0.392 
6.36 g 
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Table II. (Continued) 
Rtm No. 3••• Jop1in Cone., C.P. CaO and Lamp Black 




Time at Max. Taap. - 1 hr. 40 min. 
Wt 
33·331 g 19.37 




.$.32/ll.19 • 0.476 
%Zn Wt Zn 
39.45 13.12 g 
37 • .$ ll.19 g 
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readings are listed in the appendix. (Appendix III). It is inter-
eating to notice that considerable amount of gas was given off at 
4oo•c and 6oo•c. At above 6QO•c, whenever the temperature was 
raised, the pressure increased a little, and then dropped down to 
a equilibrium. It was suspected that the gas evolution at belcnr 
6Qo•c was due to the vaporization of the collodion used for binding 
the sample. Subsequent runs using preheated samples did not show 
uq- gas evolution at these temperatures, this proves that the collodion 
was spoiling the vacuum. Since in subsequent runs, the ratio of 
sul..tur to zinc in the residue even dropped much belcnr o.wn, it 
shows that more sul.:f'ur is disti.ll.ed over than zinc. One possibility 
is "that the CaO used to retain sulfur has combined with the carbon 
in the charge, thereby giving a chance for sulfur to go off unin-
terrupted. Of course this does not account at al.l :Cor the high 
zinc content in the residue. It is worthwhile to notice that runs 
with shorter time at the maximum temperature generally g1 ves a lower 
S to Zn ratio. There mq be the possibility that there is a differ-
ential rate for the S and Zn leaving the charge, and sulfur goes of£ 
more rapidly in the early stages, causing the lowering of S to Zn 
ratio in these "short•• runs. Dr. Kroll and Dr. Schlechten's work(l3) 
(13) Kroll, w. J. and A. w. Schlechteru The Reactions of Metal 
oxides and Carbon in a Vacuum., Journ. 'Elect.rochem. Soc., 
Vol. 93, No. 6, June, 1948, RP• 253. 
showed that no formation of carbide is observed for eao and c in 
vacuum below 13oo•c. Since they used graphite in their experiments, 
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but. in the present case lamp bl.ack was used, there ~be some 
d:if't'erence. Furthermore, 1 t is observed that one of' the residues 
showed ef't'ervescence when water is added. A run was then made 
without ZnS, using the ordinary amount of' CaO and c. (See run 
No. 8 in Appendix III.) The charges were kept at aoo•c f'er f'our 
hours, the residue obtained was then analyzed by- x-rq powder 
dif'f'ractd.cm method. J.s can be seen from Fig. 6, no CaC8 lines 
showed up. This disproves tile carbide :f'orm:lng proposition. Un-
f'ort.unately-, it was f'ound af'terwards that. there was s018 leaks 
in t.he vacuum valve, t.his makes t.he pressure readings t'or this 
run useless. As t.o the et'f'ervescence phenomenon, there may be 
some calcium - carbon - sul:f'u:r compound formed. 
Higher t.emperat.ures were tried, as in runs No. 4, 5, 9 and 
10. It can be seen t'rom Table III that the ratio of'S to Zn in 
the residues obtained at uoo•c and 12oo•c is well above 0.491. 
This shows that. there is some react.ion going on in tbe charge-
possib4r according to the equat.ion 
CaO+ZnS+C•CaS+Zn+CO 
The t.hing to be noticed is that t.he sulf'ur loss at. these tempera-





















~icrophotometer Traci~ of 
the Powder Pattern of Samp_.e No. 8 
Sample ••••••• No. 8 
Date ••••••••• ~. 22 
Radiation., •• Cu 
Filter ....... Al 
Tube Current.6 W.A. 





Tube Slit •••••• Min. 
Tube Wedge ••••• 6 
Geiger Slit •••• kin. 
Geiger ·.¥edge ••• 6 
Arnpli tu:ie •••••• 10 






























Table III. Analyses o£ Zn and S Contents o£ 
Residues £rom CaO + ZnS + C Runs 
at and above 9oo•c. 
Run No. 4••• C.P. ZnSj C.P. CaO and Lamp Black. 
9oo•c Sample Preheated at 2oo•c. 
Charge 
Charge Suppor~ - Stainless Steel ~Ube. 
Time at Max. Temp. - 4 hr. 10 min. 
Wt %8 Wt S % Zn 
39-45 
Residue 15.069 g 18.1 2.722 g 39.18 
Ratio S:Zn 2.722/5.89 • 0.462 
Run No. 5••• C.P. ZnSJ C.P. CaO and Lamp Black. 




Charge Support - Stainless Steel tube. 
Time at Max. Temp. - 4 hr. 05 min. 
Wt %8 Wt S 
18.080 g 19.37 3.50 g 
% Zn 
39.45 
12.473 g 13.21 1.65 g 31.7 
1.65/3.995 • 0.417 
Run No. 9••• C.P. ZnSJ C.P. CaO and Lamp Black. 




Charge Support - Stainless Steel Tube. 
Time at max. tamp. - 3 hr. 00 min. 
Wt %S Wt S % Zn 
39.45 
11.514 g 11.2 1.29 g 16.5 
1.29/1.9 • 0.679 
Run No. J.O ••• C.P. ZnSJ C.P. C&O and Lap Black. 




. , ·'· '... ,. ,'.,_ .·' 
Charge Suppo.r1; - Porcelain Tube. 
T:I.Jie ·at Kax. Teap. - 3 br. lS Dd.n. 
Wt %8 WtS %Zn 
26.aas , 19.31 s.~ , 39.45 
a., o.gp a 2.34 














II. Studies o:r Zn Extraction by Iron Precipitation 
This project was suggested by Dr. Schlechten and had been 
started last .fall by Messrs. Fuqua and Magruder 1'fi. th a few pre-
liminary experiments. To obtain more data concerning the zinc 
extraction, runs were made at 5o•c intervals from 75o•c upward 
to 1ooo•c. All the experiments were carried out w.i. th a porcelain 
supporting tube, thus eliminating any possible contact o:r zinc 
vapor 111. tb iron outside the charge. The t&tme at max:l.mum tempera-
tures were kept constant at .four and a hal.f hours throt~ghout this 
series o.f experiments. The residues were analyzed .for zinc and 
sulfur content, the results are given in Appendix IV. The zinc 
extraction and the amount o.f sul.fur distilled over are cal.culated 
ther~f'rom. The percent o.f zinc obtained as metal can then be 
caJ.culated if the manner in which the sulfur goes of£ is lm011n. 
Since this has a great influence on the production of' zinc, it 
will be worthwhile to consider it here. It must be pointed out 
that since no close study on the thermal dissociation of' zinc 
sulfide in a vacuum has yet been made, the discussion necessarily 
rests partly on indirect information and cal.culat:i.ons. 
The first possibility is that the ZnS is dissociated and if by 
some means the sulfur vapor is removed, zinc metal can be obtained. 
If this is true, zinc can be obtained by simply heating its sulfide 
in a vacuum. The second possibility is that the ZnS volatilizes 
as ZnS vapor and t.here is no breald.ng down o.f this vapor except 
by chemical action. Messrs. Fuqua and Magrud.er in their experiments 
JMDtioneci be.f'ore llave made a fflfl runs with Jopli,n concentrate alone. 
32 
In their runs within steel chamber, shiny zinc was obtained, where-
as a fluffy white material o:t relatively pure ZnS was obtained. 
with the porcelain tube. The possibility that this was the result 
of the reassociation o:t zinc and sul:tur in the vapor state seems 
doubtfUl as does the possibility that the sul:tur vapor recombined 
with previously condensed zinc to form zinc sulfide. 
Accorciing to the first. proposition, one should expect metallic 
zinc in every case. ·Since this is not what happened. actually 1 
' 
the second pt"oposi tion seems more reasonable. Referring to the 
f'ree energy diagram of Fig. 14, the f'ree energy of formation ot 
ZnS at 1ooo•c is 19 ld.localories per gram-mole of sulfur. This 
is a sufficiently large negative value to indicate the impossibility 
of thermal dissociation of ZnS under tile conditions considered. 
The theoretical composition or the charges are calculated 
as follows: 







55.84 - 15).28 
6~.J8 1 ).28 - 42.65% 
J2.06 
15.3.28 - 20.92% 
~~-8h i J.28 • ,36.4.3% 
The calculated results are shown in Table IV. From these 
results 1 it can be: seen that not &1.1 the sul.1'ur is retained by 
iron, that is eapeciall.7 true at higher temperatures, as shown 
Wt. 
Table IV. Calculations of Zinc Extraction 
for 1 Fe + ZnS Charges 
Wt. 
Temp. Pres. Sample Loss 
Wt. Zn Wt. Zn % Zn Wt. S % S % Metal % Metal, 
in Sp'l. Dist'ld. Dist1ld. Dist'lll. Dist1ld. Zn Prod. Zn Dist ld. 
7.3o•c 5.3 p 40.491 g 1.532 g 17.28 g 1.530 g 8.86 0 0 8.86 100.00 
aoo•c 9.0., 15.313 g 1.340 g 6.54 g 1.308 g 20.0 0.032 g 1.02 19.~ 95.2 
6So-c 5.3, 40.047 g 7.880 g 17.26 g 7.203 g 41.75 o.677 g 6 37.6 90.1 
9oo•c 8.0~ 15.121 g 4.217 g 6.461 g 3.972 g 59.9 0.335 g 11 51.4 85.9 
95o•c 3.5 }' 38.444 g 14.637g 16.4 g 13.4J1g 82 1.206 g 15 67.9 82.8 
1000•c 9.0~ 15.481 g 8.959 g 6.609 g 9.961g 90.2 0.561 g 18 13.9 61.9 
""' ""' 







Fig. 1. Extraction ot Zinc and Loss of 
Sulphur with Increased Temperature 
Charge: lFe + ZnS 
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Temperature •c 
in the accompany:ing graph. (Fig. 7). This is believed to be due 
·to two reasons. The first is t.hat a1though the charge has been 
thoroughly mixed, there J~tq be still some local. segregation ot 
the ingredients. This causes an insufficiency of iron in one 
place and an excess in another, which impairs the et.ticiency ot 
iron to retain sulf'ur. The second is that at higher temperatures, 
the vapor pressure o.f' ZnS in the charge becomes so great that it. 
goes ott without 8n7 reaction w:l tb iron. 
Since the maximum temperature used in each eJCperiment is pur-
posely made different, the rate of vaporization of zinc sulf'ide 
in each case is bound to -be different, i.e., higher at higher 
temperatures, this need not be changed. Therefore, the only thing 
we can do to retain the sulfur behind is to increase the iron con-
tent in the charges. This is the n-eason for having the runs with iron 
contents double and triple the stoichiomet.ric amount. The theoretical. 
composi t.ion of these charges are as follows& 
1) 2 Fe + ZnS 
111.68 + 97.44 - 209.12 
% Zn. Ill ~-J8 • 2 .12 
% s Ill J2.06 
-209.12 
% Fe .n1.68 • 209.12 
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2) 3 Fe + ZnS 
167.52 + 97.44 • 264.96 
% Zn • ~·J8 26 .96 • 24.6 % 
% s 
- tf·06 2 .96 - 12.2 % 
% Fe • 16Z.52 264.96 • 63.2 % 
The calculations .for percent zinc extraction are made in 
a similar manner as those :for 1 Fe + ZnS charges. The results 
are listed in Table V and VI, and the zinc distillation curves 
are drawn accordingly, as shown in Fig. 8 and 9. 
It is noteworthy that in the cases 2 Fe + ZnS and 3 Fe + ZnS, 
the zinc extraction curves (or the percent o.r curve loss o£ 
Zn in the charges) are concave downward while that .for 1 Fe + 
ZnS does not show this nature until higher temperatures are 
reached. Since the slope o:f the curves indicates the rate of 
zinc loss versus temperature, a. slow change in the rate means 
more or less that a ''saturation'' condition is reached. A.s is 
expected, this saturation condition can be e.f.fected either by 
using a. high temperature or a high content of the reducing agent 
- in this case, iron. 
The lower curves in Fig. 7, a, and 9 show the percent 
sulphur distilled over. The general trend o.f these curves is 
concave downward. This indicates that iron is quite an efficient 







Table v. Calculations of Zinc Extraction 
for 2Fe + ZnS Charges 
Pres. Wt. Wt. Wt. Zn Wt. Zn % Z1J. Wt. S %~S % Metal % Dist'ld. 
Sample Loss in Sp'l. Dist'ld. Dist ld. Dist'ld Dist'ld:• Zn Prod. as metal 
8.8 ~ 13.026g 1.17l.g 4.11 g 1.141 g 27.8 o.030g 1.5 26.49 95.4 
7 .o }.A 13.013g 3.6,58g 4.1 g 3.509 g 85.7 O.l49g 7.5 78 • .5 91.4 
7 .o J.A 13.016g 3· 775g 4.012g 3.538 g 88.4 0.19lg 9.61 79 88.4 
7 .o }J. 13.092g 3 .989g 4.12 g 3·772 g 91.4 0.217g 10.9 80.5 88.1 







Table VI. Calculations of Zinc Extraction 
for )Fe + ZnS Charges 
Pres. Wt. wt. Wt. Zn Wt. Zn % Zn lift. S % S % Metal % Dist 'ld 
in Sp'1 Dist'1d Dist'1d Dist'ld Di.st'ld Zn Prod. as Metal Sample Loss 
6.1 )A 16.027 g 1.103 g 3.949g 1.103g 28.1 0 0 28.1 100.00 
6.1 )J. 16.903 g ).875 g 4.165g ).688g 88.7 O.l87g 9.08 79.9 90.0 






Fig. 8. Extraction o£ Zinc and Loss o£ 
Sulphur w1 t.h Increased Temperature 
Charge: 2Fe + ZnS. 
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Eig. 9. Extraction o£ Zinc and Loss 
of Sulpijur with Increased 
Temperature 
Charge: 3Fe + ZnS 
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Although from the foregoing calculations it seems that the 
process of iron precipitation is ver,y optimistic, a serious 
problem still remains there to be solved. This is the probl.em 
of blue powder formation -- the greatest obstacle in zinc pro-
duction. In the experiments made, most of the condensates are 
in this form, or at best they are zinc powder with some metallic 
lustre. This is not surprising, since even in ordinary method 
of zinc distillation, where a reducing atmosphere of CO prevails 
and there is not so much suli'ur contamination as in the case of 
direct reduction, blue powder produced usually amounts to five 
percent.(l4) 
(14) Gowland, w. and c.o. Banister: The Metallurgy of Non-
Ferrous Metals. Fourth Edition, 1930., PP• 491. 
Under the present experimental conditions, the effect of 
sulfur contamination is cumulative since the inside surface of 
the furnace tube provides a good place for condensation and tbe 
scale formed thereon cannot be completely scraped off after each 
run. An analysis made on the furnace scale obtained during the 
early period of the present experiments (see Appendix IV) shows 
a sulfUr content of 13.91 percent. This is quite a high figure. 
Hence, the sul..f'ur contamination is believed to be one of the im-
portant factors causing blue powder formation. 
An examination of the theoretical extraction curves for dif-








Pig. 10. Effect of Iron Content 
in the Chaage on the 
Amount of Zinc Distilled 
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brings out the .fact that a charge o.f the composition 2Fe + ZnS 
heated at 8,5o•c gives qui t.e satisfactory zinc extraction on the 
one hand, and, on 1he other hand, needs only moderate temperature 
and amount of' iron. A run using these conditions was made with the 
addition of steel "WOol on top the crucible to retain the sulfur 
coming out from the charge. For convenience, the amount of steel 
wool used was arbitrarily made equal to one quarter the weight 
of the charge. The wool, after the run, became brittle, lost 
its lustre and stuck to the top of the compact. Analysis showed 
a sulfur content of o.6Q5%. (see Appendix IV) This increases the 
yield by 1%. 
Another way to minimize the chance of' forming blue powder, 
as suggested by Dr. Kroll, is to add an additional heating coil 
around the condenser, so that the temperature favors the condensa-
tion of only one constituent, thus effecting the separation of 
Zn and s. This is equivalent to carry out the reduction of zinc 
sulfides and purification of blue powder in a single operation. 
Due to the insu:f'f'iciency of' time, experiments along this line 
have not been made. 
The amount of zinc distilled over and subsequently condensed 
as metal t.ends to decrease w1 th temperature, but' additional amount 
o.f reducing agents present can partly offset this tendency. This 








Fig. lOa. Effect of Iron Content in 
the Charge on the amount 
of Distilled Zinc Con-
densed as Metal 
3 Fe + ZnS 
1nF'e + ZnS 
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III • Results of Copper Reduction 
This series of experiments was made as a theoretical in-
vestigation and to contribute sa.me data on the vacuum metallurgy 
of zinc. Charges of composition Cu + ZnS was .first tried. The 
results o:r analyses showed that much sul.fur in the charge had 
been distilled over. (see Table VII) 
Ql the porcelain tube, a considerable amount of white .f'l u.t.f'y 
material was obtained for runs at 9oo•c and 1ooo•c. Since ZnS 
at these temperatures and pressures (9 microns) is in gaseous 
form, it is believed that this rna. teri.al is ZnS distilled over 
.t.rqm the charge. Chemical analysis made later proved that this 
is true. 
di ai (l5) . 1 t b Accor ng to Ephr m. CuS l.s not stab e in vacuwn a a ove 
(15) '!horne, P. C.L. and E. R. Roberts, Editors, Fri. tz Ephrai.n 
Inorganic Chemistry., Fourth Ed., 1943, PP• 535· 
4oo•c, the more stable form being CUaS• The amount of copper used, 
therefore, is only one-hal£ that required for holding all of the 
sulfur in the charge. 
Runs are then made wi. th charges having the amount of copper 
and ZnS required by the following equation: 
2Cu + ZnS • c~s + zn. 
Table m. calculations of Zinc Extraction for 
1 Cu + ZnS and 2Cu + ZnS Charges 
1) 1 Cu + ZnS. 
Temp. Pres. Wt. Wt. Wt. Zn Wt. Zn % Zn Wt. S % S %Metal % Dist71d. 
Sample Loss in Sp'l Dist'ld Dist'ld.Distld. Dist'ld. Zn Prod. as Metal. 
7oo•c 6.0~ 19.545g 0.936g 7.940g 0.9J6g 11.8 0 0 n.8 100.00 
aoo•c 6.o ~ 11.9J6g 4.438g 8.095g 4.12Sg 51 Q.2S9g 6.53 44·9 88.1 
9oo•c 1.o,.u 20.019g 8.o31g 8.12Sg 7-~ 86.2 1.027g 25.76 61.8 71.7 
1ooo•c lO.O)J 16.764g 8.1$9g 6.800g 6.737g 99.1 1.422g 42.6 58.6 59.2 
2) 2 Cu + ZnS 
Temp Pres. Wt. Wt. Wt. Zn Wt. Zn % Zn Wt. S % S % Metal % Dist 'ld 
Sample Loss in Sp'l Diat'ld Dist'ld Dist'1d Diat'ld Zn Prod. as Metal 
8oo•c 9.o }J 20.377g 4. 1o1g s.925g 4.700g 79.4 0 0 79.4 100.00 
9oo•c 9.0 )A 18.618g $.278g s.4l2g S.129g 95 0.149 5.6 89.5 94.1 
1ooo•c 9.0 )J 19.205g s. 779g s.590g 5.560g 99.5 0.219 8 91.9 92.4 
~ 
In all these rm1s, no more white fiuf.fy condensate was obtained. 
The theoretical composition o:f the charges are as i'ollowst 







160.98 • 40.6 % 
% s - ~2.06 1 0.98 • 19.9 % 
% Cu 
- 6J.~ 160.9 • 39.5% 
2) 2Cu + ZnS 
127.08 97.44 • 224.52 
% Zn -~-22 • 2 29.06 % 
% s 
- Jf·r • 22 • 2 14.28 % 
% Cu 
- 12l·r • 22 • 2 56.60 % 
The resul. ts of' analyses and the percent zinc distilled 
over in relation to copper content a.nd temperature are gi. van 









Fig. 11. Extraction ot Zinc and Loss 
ot Sulphur w1 th Increased 
Temperature 
Charge: lOu+ ZnS 
% Zn Disti.lled 






Distilled ~: o~-------o·--------~~~------------------~---6()0 700 800 900 1000 
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Fig. 12. Extraction ot Zinc and Loss 
~ SU1phur with Increased 
ampera:ture 






Charge: 2Cu + ZnS 
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Rig. 13. Effect of' Amount of' Copper 
in the Charge on the Per 
Centage Distilled Zinc 
Condensed as Metal 
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Fig. 14 Free Energy Diagram For Several 



















Experimental results showed that the reduction of ZnS by 
CaO and C is possible at above 1ooo•c at a pressure of about 
six microns. Exami.nation of the free energy diagram ot Fig. 14 
cannot show directly the minimum reduction temperature o:r ZnS 
by CaO and c. However, calculations using the following readings 
taken from the diagram brings out the fact that the m:iniJallll. 
temperature for the reaction is at about 1ooo•c. 
Table VIII. Free Energy Calcula tiona 
For The Reaction 
CaO+ZnS+C • CaS+CO+Zn 
-ll F• in Kilocalories 2er g£am-mo1e or §a sas 
Temp. 2 CaO 2ZnS Sum 2 cas 2 co Sum 
Recatant Product Diff. 
8oo•c 249 46 295 163 69 232 - 63 
9oo•c 241 33 274 176 71 247 - 27 
1ooo•c 228 20 248 185 73 258 10 
11oo•c 216 6 222 195 15 270 48 
12oo•c 204 -7 197 202 77 279 82 
A.t a pressure o:r 5 microns, reaction of Fe and ZnS starts 
at about 75o•c, becomes practically complete at 1ooo•c. In-
creasing the amount of iron in the charge to two times that re-
quired theoreticall.y generally' increases the yield o£ zinc • Fur-
ther addition at iron does increase the yield, but the gain is so 
-11 'tb&'t it is doubthl Whether tbis ie worthwhile. 
Loosely packed reducing agents placed on top the charge 
has a beneficial effect on the qual.i ty of the zinc produced. 
The efficiency of copper in retaining the sulfur of zinc 
sul.t"ide at reduced pressure increases more rapidly' 1li th tempera-
ture than does iron. 
The industrial application of iron precipitation process in 
a vacuum for the production of zinc can be successful only after 
the blue powder formation is by some means minimized. 
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SUMMARY 
The literature on the reaction of CaO, C and ZnS at 
elevated temperatures and atmospheric pressure and some recent 
papers dealing w.i. th the thermoeynamic aspects o£ producing 
zinc by iron precipi tat.ion are reviewed. Experiments with 
CaO, C and ZnS charges at a pressure o£ a :rew microns are 
made with temperatures ranging £rom 7oo•c to 12oo•c. The 
ingredients reacted at temperatures above 1000•c. 
Experiments using iron to reduce ZnS are made with 
various amounts of the former to find an optimum condition 
for the zinc extraction. It is found that using twice the 
theoretical amount of iron and a temperature o£ aso•c gives 
the best result. 
Data are obtained for the action of Cu on ZnS at a 
pressure of about 9 microns. A theoretical extraction of 
99 .S % of the zinc in the sample was obtained with a charge 
of 2Cu + ZnS heated for four and one half hours at 1ooo•c. 
It is concluded that the method of vacuum reduction of 
zinc sulfide by iron will be successful when the problem of 
blue powder formation is properly solved. 
1. 
APPENDIX I 
!!!!'!Materials ~ in The Experiments 
Joplin Contrate 
Zn • •••••••••• 59% s ............ .)~ 
CaO ........... 4% Pb •••••••••••• 
Pb ••••••••••• 2.5:% Inso1. • ••••••• 
2. c.P. Zinc Sul£1de - Merck 
ZnS •••••••••• 98.5% ZnO 
BaS04 ••••••••• 0.5 % 
3· Iron -Merck 
Electrolytic pure Fe powder 
4. C.P. CaO - Baker 
Loss on Ign •••••••• 1% 
5. Carbon Black - Fisher 
Lamp or Oil. 
6. Copper Powder - Charles Harct'" 







Methods 2f. Chemical .Analyses 
A. Method for Zinc 
1) Add 10 cc cone. HC:L to a 0.200 g sample, evaporate nearly 
to dryness, then add lOco of H8 S04 and 15 cc of HNOa• Evaporate 
again to dr.yness. Heat on hot plate until dense white fUmes have 
been given o:ff. 
2) Cool, add 100 cc water and 5 g NH4Cl, boil until. the 
sulphates are in solution. Cool, Add .30 cc NH4 0H, cover, boil 
:for 10 min • 
.3) Filter, wash 4 tiaes w:i.th hot NH4 0H - NH4 Cl solution. 
4) Neutralize the filtrate w.i. th HCl, add 5 cc in excess. 
Add 10 cc iron indicator solution, place on the hot plate. 
+ 5) ¥Vhen warm, add enough test lead to cover the bottom of 
the beaker, cover, boil :for 10 min. Add test lead once more and 
boil if necessar,y. 
6) To the solution add 10 cc cone. HCl. Titrate with 
K4 Fe(CN) 6 solution to a flash, then determine the exact end point 
using UN03 outside indicator. 
7) Convert the co's of K4 Fe(CN) 6 used to weight of zinc in 
the sample. 
+ Omitted for samples without cu. 
B • :Method tor Sulfur 
1) Weigh out 1 g sample into a· 400 cc beaker, add 10 cc 
ot HN03 and small amount ot KOlOa. 
2) When violent action subsides place on hot plate and 
evaporate to dr,yness. 
3) Add 10 oc HCl and evaporate to dryness. 
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4) Add 2 - .3 oc HC11 5 g NH.t,Cl, 50 oc fta01 heat to boiling. 
5)+Filter on .fast paper, wash 6 times with boiling water. 
6) Heat filtrate nearly to boillng, add 20 cc hot BaCla 
solution, cover:, boil, al.low to settle on hot plate. 
7) Filter hot, wash 6 times with boiling water. 
8) Burn, cool and weigh as BaSO.u this multiplied by 
0.1374 gives the weight of S in the sample. 
+ For samples with much iron, the procedure changes 
as :follows: 
5) Neutralize with NH4 <E, heat to boiling. Filter and wash. 
6) Neutralize f'il trat.e with HCl plus 10 cc excess. Heat 
to boiling. 
7) Add 20 cc hot BaC12 slowly and continue boiling to settle 




!!£.. 'J.'Ypical lli!!'!! 
Run No. 3 •••• CaO + c + ZnS; Stainless Steel Tube. 
Date run: March $th 
Ii!!.! Temperature Pressure Remarks 
7:08 25•c $00 microns Charge, F' ce on 
7:2$ 4o•c 1$0 
7:43 11o•c 90 Di££. pump on 
7:5$ 11o•c 7.6 Vac. improves slowly 
8:00 15o•c 7.0 
8:17 2oo•c 7.0 
8:22 2so•c 8.2 
8:27 27o•c s.o 
8:35 3oo•c 7.4 
8:37 325•c 18- 30 Pres. fiuct.uates 
8:40 33o•c 100 Pres. steadily 
increasing 
8:48 375•c 300 Diff. pump off 
8:57 4oo•c 300 
9:08 4oo•c 350 
9:15 4oo•c 400 
9:23 4oo•c 375 
9:35 4oo•c 330 
9:45 4oo•c 300 
10:00 4oo•c 260 
10tlS 4oo•c 230 
10130 4oo•c 180 
S9 
Time Temperature Pressure Remarks 
-
10:50. 4oo•c 140 microns 
11:15 4oo•c ll5 
11a30 4oo•c 100 Ditr. pump on 
ll:35 4oo•c llO 
11t.39 4oo•c 6 
11:.53 45o•c ,5.8 
12:03 5oo•c ,5.8 
12:12 55o•c ,5.8 
12:19 60Q•c. 6.2 
12:21 6Qo•c 8.o 
12:23 6QO•c 9- 11 Pres. nuct.uates 
12:24 6Qo•c 25 
12:25 6oo•c 12.5 Ditr. pump ott 
12:30 6oo•c 170 
12:41 600.6 160 
12:44 6QO•c 1.50 
12:48 600•c 140 
12:58 600•c 130 
13:02 60Q•c 125 
13:10 600•c 120 
13:20 6oo•c llO 
13:25 6oo•c 106 
13:)0 6QO•c 100 Diff. pump on 
13:38 600•c s.s 
13:45 600•c s.1 
1):58 600•c 6.0 
·. 







































Run No. 8.... CaO + OJ Stainless Steel Tube 
Date Run:. March 21st. 
Time Tpperature Pressure 
















18:45 charge in 
A. t 100 microns, 
DUt. pap on 
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!!!!! Temperature Pressure Remarks 
20:52 eoo•c 200 Microns Decreasing rapidly 
20:59 eoo•c 100 Diff'. pump on 
21:05 eoo•c 40 
21:14 eoo•c 5.2 
Mar. 22 
2:37 eoo•c Furnace of'f. 
Run No. 11 •••• lFe + ZnS1 P.Drcelain tube. 
Dat.e Run: March 28th 
~ Temperature Pressure Remarks 
19:)0 5oo•c 6 microns 17 :4.5 Charge in 
19141 6oo•c 6 
19:54 7oo•c 5·1 
20:00 75o•c 5.3 
20:30 75o•c 5.3 
21:00 75o•c 5.3 
21:30 75o•c 5.3 
22:00 75o•c 5.3 
23:30 75o•c 5·3 
24:00 75o•c 5.3 
00:30 75o•c 5.3 Furnace off 
March 29th 
8:00 75o•c Mechanical p'Wllp of£. (Dif':f. pump ofi at 7:30) 
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Run No. 21 •••• leu+ ZnS Porcelain Tube 
Date Rlm: April 14th 
~ Temperature Pressure Remarks 
8:45 2oo•c 6.microns 8 :00 charge in 
9:30 soo•c 6 
10:00 7oo•c 6 Keep £or 4 1/2 hrs. 
14:30 7oo•c 6 Furnace o££. 
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APPENDIX IV 
Results o:t Anal.zses :tor Iron-Zinc Sulfide Runs 
(All the analyses are made on residues) 
1) lFe + ZnS. 
75o•c •••• Zn 4o;65% 
s 21.79 % 
aoo•c •••• Zn 37·41 % 
s 22.64 % 
B5o•c •••• Zn 31.18 % 
S· 24.21 % 
9oo•c •••• Zn 22.81 % 
s 24.83 % 
95o•c •••• Zn 12.44% 
s 28.65 % 
1ooo•c •••• Zn 7.24 % 
s 28.49 % 
2) 2Fe+·ZnS. 
·aoo•c •••• · Zn - 25.02 % 
s 16.51 % 
85o•c •••• Zn 6.32 % 
s 19.67 % 
9oo•c •••• Zn 5.13 % 
s 19.46 % 




1ooo•c •••• Zn - 4-41 % 
s 
-
19 • .31 % 
3) 3Fe + ZnS. 
8oo•c •••• Zn 19.05 % 
s 13.11 % 
9oo•c •••• Zn 3.661 % 
s 14.39 % 
1ooo•c •••• Zn 
-
2.548 % 
s 14.00. % 
Analysis o£ furnace scale: Zn - 74.2 % 
s - 13.91 % 
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Calculation o:r increase o:r yield for the r'Oll made wi t.h 
steel wool on top o:r the charge: 
The wool after the run contained 0.605 % o:t s. 
Assuming that it contained 0.05 % S {the max. limit 
for carbon steels), the S pick up • 0.555 %. 
Wt o:r Charge 23.003 g 
Wt Zn in the charge 7.040 g 
Wt Zn dist'ld 
Wt S in t.he charge 
1ft S dist'ld 
6.04 g (using the data on Fig. 8 -
% Zn dist'ld • 85.7 %) 
3.678 g 
0.274 g (using dat.a on Fig. 8 
% S dist'ld • 1.5 %) 
Wt steel wool 
% S picked up 





Wt S reached condenser 0.274 - .O)lel • 0.24 g 
This corresponds to o. 70b. g ZnS, which keeps back 
0.464 g of Zn 
Therefere, ~ yield of Zn as aetal 
6.Q4 - 0.464 - 19 • .$ % 
- 7-di 
Compared w.:l.th the original. yield, 78 • .$ ~~ an increase 
of yield of 1 % is obtained. 
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APPENDIX v 
Results o:t .A.naJ.yses :tor C2J2Eer-Zinc Sul.f':Lde Runs 
(All the analyses are made on residues) 
1) 1Cu + ZnS. 
7oo•c •••• Zn 37.64% 
s 20.86 % 




goo•c •••• Zn 9.355 % 
s 24.74% 




2) 2Cu + ZnS. 
aoo•c •••• Zn 7.81 % 
s 18.58 % 
goo•c •••• Zn - 2.2 % 
s 1.8.8 % 
1ooo•c •••• Zn - 0.223 % 
s 18.8 % 
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